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Abstract—The entropy of electromyography (EMG) signals 
suggests a possible tool for the clinical assessment of low back 
pain (LBP). However, a general physiological mechanism for 
entropy and pain and/or dysfunction following exercise 
intervention is still unknown. This comparative study investi-
gated the differences between entropy levels of the EMG 
signals and the slope of median frequency (MF) based on 
power spectrum analysis in chronic LBP subjects after 4 weeks 
of spinal stabilization exercises (SSEs). In total, 46 subjects 
(24 female and 22 male) participated in the exercise program; 
the EMG signals of their thoracic and lumbar erector spinae 
muscles were measured. Following the SSEs, the level of pain 
as measured by the Million Visual Analog Scale decreased 
significantly from 3.80 to 2.81 (T = 3.42, p = 0.001). The Shan-
non entropy levels of the EMG signals were not different based 
on the back muscles (F = 2.86, p = 0.09) but demonstrated a 
significant interaction with pain level (F = 7.17, p = 0.01). The 
slope of MF differed among the muscles (F = 12.06, p = 0.01); 
however, no interaction with the level of pain was found (F =
0.19, p = 0.66). Therefore, the Shannon entropy of the EMG 
signals might be a useful and valuable clinical tool to measure 
pain following intervention. 

Key words: complexity, EMG , entropy, erector spinae, low 
back pain, Million Visual Analog Scale, power spectrum, 
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INTRODUCTION

Several studies have reported that entropic measures 
for surface electromyography (EMG) time series are use-
ful for evaluating localized muscular fatigue in a nonin-
vasive fashion [1–5]. A previous study confirmed that the 
entropy measurement for characterizing neuromuscular 
alterations is reliable [6]. As a result, Shannon entropy, 
which measures complexity and the degree of uncertainty 
of information, could be widely utilized to assess local-
ized muscle fatigability.

Numerous studies have identified an association 
between easily fatigued back muscles and low back pain 
(LBP) based on endurance tests [7–9]. However, no data 
have determined whether exercises can alter erector 
spinae (ES) muscle fatigue in subjects with chronic LBP. 

Abbreviations: ANOVA = analysis of variance, EMG = elec-
tromyography, ES = erector spinae, FFT = fast Fourier trans-
formation, LBP = low back pain, MF = median frequency, 
MVAS = Million Visual Analog Scale, SE = standard error, 
SSE = spinal stabilization exercise.
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A lack of cocontraction of the lumbar ES muscles might 
be a significant factor in chronic LBP [10–11]. Spinal 
stabilization exercises (SSEs) improve the cocontraction 
of trunk muscles, which may restore stability to the spine 
and, theoretically, may protect it from biomechanical 
stresses and further injuries [12].

The time-dependent entropy of the EMG signal can 
be analyzed in several ways. One of the analyses, Shan-
non entropy, is a standard measure of complexity and has 
been applied in research in cognitive science, aging, heart 
failure, and other fields [4,13–14]. We found in a previ-
ous study that the plateau value of the entropy was lower 
for subjects with LBP than for control subjects. This con-
nection might prove useful in a clinical assessment of 
LBP. It is important to understand that Costa et al. and 
Chialvo argued that pathology and/or dysfunction is 
associated with less variability [1–3]. Generally, biologi-
cal time series are complex data that need to be distilled 
to useful application to assess a pathology and/or dys-
function. In our current study, the entropy levels of the 
EMG signals and median frequency (MF) slopes of the 
EMG signals were reported. 

A connection exists between localized muscular 
fatigue and EMG spectral analyses for back muscle 
fatigue following intervention [15–17]. Several studies 
have been applied to a variety of physiological time 
series, such as human heartbeats [13,18–19]. The degree 
of randomness is possibly a characteristic property of 
time series. For example, variations in heart rate could be 
considered healthy, whereas a very steady heart rate is 
generally associated with disease. Thus, it would be 
important to compare Shannon entropy levels of the 
EMG signal and spectral quantities following interven-
tion with a level of musculoskeletal pain.

Several other studies have compared entropy levels 
of the EMG for subjects with and without illness and/or 
dysfunction [14,19–22]. However, no study has investi-
gated pain-level changes following specific therapeutic 
intervention in subjects with chronic LBP. People with 
chronic LBP often have decreased muscle endurance, 
which may compromise the functional capacity of the 
spine and increase the likelihood of reinjury [23]. Numer-
ous studies have also identified an association between 
LBP and easily fatigued back muscles based on back 
muscle endurance [8–9,24–26]. However, no data are 
available as to whether SSE is capable of altering pat-
terns of localized muscle fatigue in chronic LBP.

Subjects with LBP have also been reported to have 
less endurance, and thus smaller MF slopes, during sus-
tained muscle contractions [17,27–28]. The signal from 
conventional surface EMG is the instantaneous algebraic 
summation of action potentials from muscle fibers, and 
its power spectrum can be estimated from a fast Fourier 
transformation (FFT) of the signal. The MF is calculated 
from the spectrum and reflects, in part, the propagation 
speed of the action signal. However, the MF based on the 
FFT still remains elusive because of conflicting results. It 
would be valuable to confirm the measurements follow-
ing SSE for characterizing neuromuscular alterations 
through investigation of differences between the power 
spectrum analysis and nonlinear time-series analysis of 
entropy measures. Therefore, the purpose of this study 
was to assess the effects of 4 weeks of SSEs based on 
entropic measures of ES muscle fatigability compared 
with the slope of the MF based on power spectrum analy-
ses in subjects with chronic LBP. Demographic factors 
were also considered in the determination of those outcome 
variables.

METHODS

Selection of Subjects
The focus of this study was back muscle fatigability, 

especially the thoracic and lumbar ES muscles, in sub-
jects experiencing LBP. Subjects in this study were 
defined as those who presented with LBP, met study 
inclusion criteria, and had experienced a disturbing 
impairment or abnormality in the functioning of the low 
back for more than 2 months [29].

Subjects were eligible to participate if they (1) were 
21 years of age or older and (2) had LBP for more than
2 months without pain referral into the lower limbs. Indi-
viduals were excluded from participation if they (1) had a 
diagnosed psychological illness that might interfere with 
the study protocol, (2) had experienced overt neurologi-
cal signs (sensory deficits or motor paralysis), or (3) were 
pregnant. Subjects were withdrawn from the study if they 
requested to withdraw. Those subjects who met study 
inclusion criteria received information regarding the pur-
pose and methods of the study and signed a copy of the 
institutional review board-approved consent form.
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Pain Level
Subject disability was inferred from self-reported 

scores on the Million Visual Analog Scale (MVAS) of 
pain interference, which was given to each subject during 
the initial and final testing sessions. The MVAS includes 
15 questions that subjects answer by marking a point on a 
10 cm line anchored at each end. Responses range from
0 to 10 cm, where 10 cm represents maximum disability.

Electromyography Measurement
For all subjects, EMG measurements were obtained 

under identical conditions before and after the 4-week 
SSE program. No subjects underwent any traumatic 
event or injury between the two measurement days.

In this study, the endurance of the back muscles was 
determined by a modified version of the isometric fatigue 
test from our previous study [2]. The subjects’ upper 
bodies were positioned with their iliac crests at the edge 
of the table; their lower bodies were secured at the ankle 
and hamstring levels with seatbelt straps. Subjects held 
their arms across their chests with each hand placed on 
the opposite shoulder, and standard verbalized encour-
agement was given throughout the test.

The EMG electrodes were placed bilaterally over the 
greatest convexity of the thoracic ES muscles at the T10–
T11 level and the lumbar ES muscles at the L4–L5 level 
with a 10 cm distance between electrodes of each pair. 
The electrode sites and the distance of the electrodes 
were carefully determined for each subject according to 
Zipp [30]. The EMG signals were preamplified at the 
skin (gain 35×) and further amplified downstream (band-
width 20–4,000 Hz; model D-100 preamplifier and 
model ENG 55 driver amplifier, Therapeutics Unlimited; 
Iowa City, Iowa) with the total system adjusted for each 
subject to allow maximal amplification without satura-
tion of the analog-to-digital converter. The EMG signal 
was fed through a low-pass filter (cutoff frequency 480 Hz
at 6 dB per octave) and subsequently passed to a BNC 
connector board (BNC 2080, National Instruments; Austin,
Texas). The signal also interfaced with a 12-bit analog-to-
digital converter (AT-MIO-16E-10, National Instru-
ments) that amplified 100× and sampled each channel at 
1,024 Hz. The digitized data were stored on computer 
disks for subsequent analysis.

Using standard FFT of the EMG data, we obtained 
the power spectrum for each 1-second time interval. The 
MF of the signal, <f>, was calculated from the spectrum 
for each 1-second time interval.

The EMG signals from the isometric fatigue test 
were transformed into their frequency spectrum by a 
wavelet analysis. The MF of the spectrum was then 
recorded. After dividing the range of X(t) into 500 equal-
sized bins, we used a histogram to determine the 
probability distribution pj,t. The entropy is calculated 
from the Equation

where pj is the probability for outcome number j of a 
given experiment [20–23]. This equation is the standard 
formulation of uncertainty because it has the following 
features: (1) the lowest entropy (S = 0) corresponds to 
one of the outcomes being certain (i.e., probability one) 
and the others never occurring (i.e., probability zero),
(2) the largest value for the entropy (S = lnM) is achieved 
when all outcomes are equally likely (all probabilities are 
equal to each other pj = 1/M), and (3) S is additive over 
partitions of the outcomes [2].

The entropy S versus time exhibits a plateau for t > 
10 ms. This plateau value of St was referred to as the 
entropy. The detailed entropy calculation process is fully 
described in previous studies [1–3]. Our previous data 
were partially used in this study in order to monitor the 
effects of the exercise intervention.

Spine Stabilization Exercise Protocol
The subjects came to the laboratory once a week for 

4 weeks in addition to performing the exercises at home 
daily; the subjects were supervised in the laboratory to 
ensure they were performing the exercises correctly. The 
SSE approach used in this study is commonly advocated 
in the rehabilitation of LBP patients [17,31]. For exam-
ple, the quadruped exercise (Table 1), performed from an 
all-fours position with the arms and legs extending recip-
rocally, is used to recruit the trunk and hip extensors. The 
exercise program consisted of five different types of 
exercises, such as upper-body extension in prone position,
alternate arm and leg lifts in quadruped position, alternate 
arm and leg lifts in prone position, and diagonal curl up 
and straight curl up in supine position; the exercise program
was done daily for 20 minutes. To ensure adherence, the 
subjects kept an exercise log and received telephone calls 
at least once a week. The intensity of the exercises was 
at the subject’s tolerance level, and the subjects were 
encouraged to report any problems immediately.
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Statistical Analysis
Descriptive statistics were used to compare the mean 

and standard deviation of each muscle group as well as 
subject characteristics. The entropy levels of the EMG 
signals and MF slopes for the thoracic and lumbar ES 
muscles were compared. The repeated measure analysis 
of variance (ANOVA) was used to examine any signifi-
cant differences between power spectrum analysis for 
MF slope and entropy levels of the EMG signals based 
on nonlinear time series before and after the intervention. 
Any continuous variables, including the level of pain 
variable, were used as covariates to eliminate confound-
ing effects.

When their joint effect is discernibly larger or 
smaller than the “sum of the parts,” we say that there is 
an “interaction” among the explanatory variables [32]. 
When two or more explanatory variables are considered 
simultaneously, one could ask whether their joint effect 
on the response variable is simply the sum of the parts (or 
individual effects). In our study, the factorial designs 

were used to investigate the main effect, which is what 
the independent variables elicit when averaged out over 
each other. Regarding the design of experiments and 
ANOVA, a main effect is the effect of an independent 
variable on a dependent variable averaging across the 
levels of any other independent variables. Therefore, the 
level of pain was considered with regard to both outcome 
variables (entropy level and slope of MF).

The entropy value of the EMG signals was analyzed 
to compare the differences between pre- and postexercise 
intervention in subjects with LBP. The MathCad package 
(MathSoft; Cambridge, Massachusetts) was used for this 
analysis, which was loaded onto a personal computer 
running the Windows XP operating system (Microsoft 
Corp.; Redmond, Washington).

Assumptions of repeated measures, including homo-
geneity of variance, normal distribution of data, and 
sphericity, were tested with Mauchly’s test [33]. If the 
assumption of sphericity was violated, Greenhouse-Geisser
adjustments to the degrees of freedom were applied [33]. 
For all statistical tests, type I error rate was set at 0.05.

RESULTS

The subjects’ demographics are summarized in 
Table 2. Forty-six subjects (22 males and 24 females) 
participated in the study. Overall, no significant sex dif-
ferences based on age (t = 0.11, p = 0.91), number of 
months since pain onset (t = –0.48, p = 0.63), or MVAS 
score (t = 0.24, p = 0.80) were found. Following the exer-
cise intervention, the average level of pain decreased sig-
nificantly from 3.80 to 2.81 (T = 3.42, p = 0.001). 
Therefore, the level of pain was used as a covariate to 
control confounding effects for both outcome variables 
(entropy of the EMG signals and the slope of the MF).

The results for the thoracic and lumbar ES muscles 
based on the entropy levels of the EMG signals and MF 
slope are illustrated in Figures 1 and 2. The mean 
entropy levels of the EMG signals ± standard error were 
analyzed pre- and postexercises. Differences in the levels 
of the right thoracic ES muscle (1.76 ± 0.06 vs 1.70 ± 
0.07), left thoracic ES muscle (1.19 ± 0.05 vs 1.12 ± 
0.05), right lumbar ES muscle (1.46 ± 0.06 vs 1.45 ± 
0.08), and left lumbar ES muscle (1.75 ± 0.06 vs 1.67 ± 
0.06) were evident (Figure 1). The Shannon entropy levels
of the EMG signals were not different based on the back 
muscles (F = 2.86, p = 0.09); however, the entropy

Table 1.
Spinal stabilization exercise program for subjects with lower back pain.

Type of Exercise Description
Upper-Body Extension With pillow supporting abdo-

men, clasp hands behind back 
and lift body off floor. Keep 
chin tucked while lifting in 
prone position.

Alternate Arm and Leg Lift Keep knee locked and lift leg 
8–10 in. from floor along with 
opposite arm in quadruped 
position.

Alternate Arm and Leg 
Extension on All Fours

Raise opposite arm and leg in 
quadruped position. Do not 
arch neck.

Diagonal Curl Up Keeping arms folded across 
chest, tilt pelvis to flatten back 
in supine position. Lift head 
and shoulders from floor while 
rotating to one side.

Curl Up With arms at sides, tilt pelvis to 
flatten back. Raise shoulders 
and head from floor in supine 
position. Use arms to support 
trunk if necessary.
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demonstrated a significant interaction with pain level (F =
7.17, p = 0.01). In addition, other demographic variables, 
such as age (F = 0.86, p = 0.35) and sex (F = 0.99, p = 
0.32), had no interaction with the entropy levels of the 
EMG signals.

In Figure 2, the MF slopes of the EMG signals ± SE 
were analyzed pre- and postexercises. Differences in pre- 
and post-MF slope levels of the right thoracic ES muscle 
(–0.17 ± 0.02 vs –0.19 ± 0.02), left thoracic ES muscle
(–0.19 ± 0.01 vs –0.17 ± 0.02), right lumbar ES muscle

(–0.27 ± 0.03 vs –0.28 ± 0.03), and left lumbar ES muscle
(–0.28 ± 0.04 vs –0.26 ± 0.03) were evident. The slope of 
MF based on power spectrum analysis was different 
between muscles (F = 12.06, p = 0.01); however, the MF 
did not demonstrate any interactions with level of pain (F =
0.19, p = 0.66) or exercise intervention (F = 0.08, p = 
0.77). The other demographic variables, such as age (F = 
0.32, p = 0.57) and sex (F = 12.06, p = 0.20), had no 
interaction with MF slopes of the EMG.

As shown in Figure 3, positive correlations based on 
the lumbar and thoracic ES muscles were evident. The 
thoracic portion of the ES muscle demonstrated a rela-
tively greater positive association (r = 0.86, p < 0.01) 

Table 2.
Demographics of study participants with chronic low back pain.

Variable Male (n = 22) Female (n = 24) t-Value p-Value
Age (yr)  0.68 0.49

Range 36–64 26–64
Mean ± SD 51.2 ± 8.5 49.29 ± 10.10

Months Since Pain Onset  0.11 0.91
Range 4–24 4–17
Mean ± SD 10.9 ± 7.1 11.1 ± 5.3

MVAS Pain Score (cm)  0.24 0.80
Range 1.31–7.90 1.35–5.46
Mean ± SD 3.75 ± 1.50 3.84 ± 1.00

MVAS = Million Visual Analog Scale, SD = standard deviation.

Figure 1.
Shannon entropy measurements (mean ± standard error) for both sides 
of erector spinae (ES) muscle pre- and postintervention. Entropy 
levels of electromyography (EMG) decreased following spinal 
stabilization exercises for both sides of ES muscle (RES = right ES,
LES = left ES).

Figure 2.
Slope of median frequency (MF) measurements (mean ± standard error)
for both sides of erector spinae (ES) muscle pre- and postintervention. 
Lumbar portion of ES muscle demonstrated steeper slope levels of MF 
than thoracic muscles (RES = right ES, LES = left ES).
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than the lumbar muscles (r = 0.76, p < 0.01). No signifi-
cant correlation existed between entropy levels of the 
EMG signals and the slope of MF with pain level follow-
ing the intervention.

DISCUSSION

This study assessed the effects of 4 weeks of exercise 
intervention based on entropic measures of the EMG sig-
nals from both sides of the thoracic and lumbar ES mus-

cles compared with power spectrum analyses. Following 
the intervention, the level of pain reported by the subjects 
decreased significantly. The Shannon entropy levels of 
the EMG signals decreased and significantly interacted 
with pain level. However, the slope levels based on 
power spectrum analysis did not demonstrate any interac-
tion with the level of pain, although the slopes of MF 
(two muscles among four muscles) decreased following 
the completion of the exercise program.

The term “interaction” has a very precise statistical 
meaning and refers to how the effect on the response of 
one explanatory variable depends on the level of one or 
more other explanatory variables [32]. The general defi-
nition of interaction implies that if no interaction exists 
between two explanatory variables, then the effect of one 
explanatory variable is constant or remains the same 
across all levels or values of the other. If the effect of one 
factor depends on the level of another factor, the two fac-
tors involved are said to interact and a contrast involving 
all these levels is called their interaction [32]. The results 
of our study indicated that the level of pain depends on 
the response of entropy changes. Therefore, the effect of 
the level of pain has an interaction with and depends on 
another explanatory variable, which is entropy change 
among muscles.

Our previous study indicated that control subjects 
revealed significantly larger entropy levels of the EMG 
signals than subjects with LBP [3]. Thus, the results of 
the current study consistently demonstrated a connection 
between physiological “health” and complexity [4,13]. 
We also explored the use of entropy derived from time 
series as an alternative quantitative measure of EMG sig-
nals that can be used in a clinical assessment [3]. The 
entropy levels of the EMG signals decreased following 
the intervention.

The results of our study also indicated that Shannon 
entropy levels of the EMG signals were not different 
based on the back muscles (F = 2.86, p = 0.09). However, 
the entropy levels of the EMG signals significantly inter-
acted with the level of pain. The side difference of the 
back muscles could be related to dominance or other 
physiological reasons. The participants in our study were 
all right-hand dominant; therefore, the left side of the 
back was considered the dominant side, as our previous 
study indicated [34]. If other studies did not consider the 
dominant side of the back in this way, the results may be 
misinterpreted in conjunction with side assessed and 
result in confounding effects.

Figure 3.
Pearson correlation analyses of entropy levels of electromyography 
for both sides of erector spinae (ES) muscle before (Pre) and after 
(Post) 4 weeks of spine stabilization exercise. (a) Thoracic portion of 
ES muscle demonstrated relatively greater positive association (r = 
0.86, p < 0.01) than (b) lumbar muscles (r = 0.76, p < 0.01). RES = 
right ES, LES = left ES.
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The results of our current study indicated that the 
entropy levels of the right thoracic and left lumbar muscles
were higher, although the entropy levels did not statistically
differ. As indicated in Figure 2, the right thoracic and left 
lumbar muscles demonstrated higher entropy levels. This 
pattern might be necessary to maintain the Sorensen test-
ing position; therefore, further investigation based on the 
handedness of the subjects is warranted, since muscle 
development could be related to LBP. Although no sig-
nificant entropy-level difference was seen, the entropy 
level of the thoracic ES was higher on the right side than 
on the left side. Both sides of the thoracic and lumbar 
trunk muscles were also different, and this difference was 
significant when the exercise intervention was considered.

The results of the study indicated no statistical differ-
ence following the intervention to affect entropy levels of 
the EMG signals or the slope of the MF. Previous studies 
have assessed EMG of the back muscles of subjects with 
LBP undergoing rehabilitation [8–9,24–26,35]. However, 
no data are available as to whether SSEs are capable of 
altering patterns of muscle fatigue in chronic LBP sub-
jects. SSEs involve the cocontraction of muscles, which 
may restore stability to the spine and theoretically protect 
it from biomechanical stresses and further injuries [36]. 
According to Janda, the ES muscles stiffen more than the 
abdominal muscles in subjects with LBP [37]. A 4-week 
exercise intervention significantly reduced LBP; how-
ever, the overall change in entropy levels of the EMG 
signals and the slope of MF were not sensitive enough to 
demonstrate a significant change given the limited exer-
cise period. Therefore, the exercise intervention may 
affect back muscle function by mechanisms other than 
improvement in endurance of the stabilizing musculature.

The MF results also indicated that the muscle fiber 
action potential propagates at a slower velocity and 
undergoes an alteration in shape due to changes in the 
excitability of the muscle cell membrane during a sus-
tained contraction. This pattern is typically measured 
during a contraction as a decrease in the MF of the EMG 
signal. Individuals with better endurance exhibit a less 
precipitous decay rate of the MF [14,28]. The differences 
may not be detected either because the measurement was 
not sensitive enough or because physiological changes 
did not occur [38].

Another important finding of our study indicated that 
the entropy levels of the EMG signals demonstrated sig-
nificant interaction with pain level. However, the slope of 
the MF did not demonstrate this interaction. The results 

of this study indicated that subjects with LBP demon-
strated higher fatigability of the ES muscles regardless of 
sex. No significant relationship existed between the MF 
of the ES muscles and demographic variables, such as 
sex and age, when the level of pain was controlled as a 
covariate.

Muscle biopsy analyses showed that the thoracic and 
lumbar regions of the back muscles suggested that the 
ratio of type I to type II muscle fibers in a cross-sectional 
area is significantly greater in women than in men [28]. 
Again, our study did not support back muscle endurance 
differences between males and females.

The significant interaction effect between entropy 
and pain level for muscle endurance during the 1-minute 
back-extension test supports the change in the frequency 
characteristics of the recorded signals that occurs with 
fatigue [39]. Exercises for graded activity programs can 
be used to increase trunk muscle endurance and decrease 
pain [40–41]. Undoubtedly, other muscles participated in 
the load sharing during the testing as well as when sub-
jects performed the intervention exercises. The attach-
ment of the lumbar ES muscles, rather than the thoracic 
ES muscles, results in an effective lever arm for lumbar 
stabilization. Therefore, the lumbar ES muscle is more 
effective in creating a stabilizing moment over the lum-
bar vertebral segments during the test [42–43].

The results of the study indicated a significant inter-
action between entropy levels of the EMG signals and 
level of pain following stabilization exercises. However, 
the level of pain did not demonstrate interactions with the 
slopes of MF. Therefore, the results of this study indi-
cated that Shannon entropy might be a valuable tool to 
measure the level of pain following the exercise interven-
tion. Future studies might include a larger sample size 
and control groups to generalize the results. Follow-up, 
randomized controlled trials to more fully investigate 
treatment effects and factors that might mediate these 
effects should be pursued.

CONCLUSIONS

This study investigated back muscle fatigability fol-
lowing exercise intervention in subjects with chronic LBP. 
The results of this study indicated that the average pain 
levels reported by the subjects decreased significantly
following 4 weeks of an SSE program. The entropy 
decreased as well and was found to have a significant
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interaction with pain level. The slope of MF based on 
power spectrum analysis also decreased but did not dem-
onstrate any interaction with pain level. Therefore, the 
results of this study indicated that Shannon entropy might 
reveal valuable information regarding pain levels follow-
ing intervention.
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